The purpose of this study was to compare the longitudinal, circumferential, and radial mechanics of the left ventricle (LV) in patients with constrictive pericarditis (CP) and restrictive cardiomyopathy (RCM).
T he helical orientation of the myofibers in the left ventricle (LV) is the structural basis of the wringing motion of the LV in systole, where the apex moves counterclockwise and the base moves clockwise (1) . Rotation of the apex with respect to the base, counterclockwise in systole, is referred to as twist or torsion (twist normalized to length) and results in storage of potential energy. This energy is used for LV diastolic recoil and contributes to ventricular suction and early diastolic filling (1, 2) .
During early diastolic recoil and untwisting, the magnitude of circumferential and longitudinal expansion of the LV is modulated by stiffness of pericardial layers (3, 4) . At lower LV volumes, the pericardium expands, but after a certain LV volume, it stiffens and resists further circumferential expansion (3, 4) . Loss of normal compliance of pericardial layers might alter the pattern of circumferential and longitudinal diastolic recoil. For example, it has been previously suggested that LV expansion and filling in constrictive pericarditis (CP) might be limited in the circumferential rather than the longitudinal direction (5) . Moreover, scarring and inflammation from pericardial layers might extend into the myocardial wall in CP (6 -8) , which might further attenuate the circumferential recoil of the LV in CP. The relationship between LV circumferential deformation, torsion, and subsequent early diastolic recoil in CP, however, has not been sufficiently elucidated.
The recent introduction of 2-dimensional (2D) speckle tracking of B-mode cardiac ultrasound images has facilitated rapid and accurate measurement of longitudinal and circumferential myocardial deformation including torsion (9) . Preliminary observations suggest the existence of an inverse relationship between longitudinal LV dynamics and twist deformation (10) . Myocardial diseases primarily manifesting with endocardial dysfunction show abnormal longitudinal LV motion while relatively sparing of LV twist (10, 11) . It is not known, however, whether relative differences between long axis motion and LV twist would be useful to distinguish the mechanism of diastolic dysfunction in conditions such as CP and restrictive cardiomyopathy (RCM). Therefore, the goal of this study was to compare and contrast the relative differences between longitudinal, circumferential, and torsional mechanics of the LV in patients with CP and RCM.
M E T H O D S
The study was approved by the Mayo Foundation Institutional Review Board. Between July 2005 and January 2007, we prospectively identified 37 consecutive patients with CP who were scheduled for pericardiectomy and 22 patients with heart failure who were diagnosed with RCM with transthoracic echocardiography. Seven patients with CP were excluded because of suboptimal 2D-echocardiography image quality. Of the remaining patients, 26 with CP and 19 with RCM consented to participation in the study. We also recruited 21 control subjects without overt cardiovascular disease or echocardiographic evidence of LV dysfunction or significant valvular heart disease. Attempts were made to match control subjects to CP patients with regard to age and gender.
All patients with CP had clinical and echocardiographic evidence of increased right-sided filling pressures. Respiratory variations in Doppler transmitral early diastolic flow velocity (Ͼ25%) were seen in 16 (62%) patients. Additional tests for preoperative assessment of CP included computerized tomography in 15 (58%), cardiac magnetic resonance imaging in 4 (15%), coronary angiography in 18 (69%), and assessment of cardiac hemodynamic status by cardiac catheterization in 11 (42%) patients. During surgery, in all CP patients, left-and right-sided filling pressures improved immediately with the removal of pericardium. The underlying cause of CP was previous cardiac surgery in 5 (19%) , radiotherapy in 8 (31%), viral pericarditis in 5 (19%), and idiopathic in 8 (31%) patients.
Restrictive cardiomyopathy was defined as myocardial disease that was characterized by restrictive physiology demonstrated by Doppler transmitral diastolic flow velocity, reduced diastolic LV volumes, and LV ejection fraction Ͼ45%. The underlying etiology of RCM was cardiac amyloidosis in 15 (79%) and idiopathic RCM in 4 (21%) patients. All patients with cardiac amyloidosis had biopsyproven systemic amyloidosis.
Standard B-mode and Doppler echocardiography.
Studies were performed at baseline (Vivid 7, GE Healthcare, Milwaukee, Wisconsin) and repeated just before hospital discharge in patients with CP who underwent pericardiectomy as per standard guidelines (12) . Pulsed-wave Doppler transmitral velocity and hepatic venous flow velocities were recorded simultaneously with respiratory tracing. Septal mitral annulus velocities were measured in the apical 4-chamber view. All measurements were averaged over 3 cardiac cycles.
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2D strain echocardiography. Parasternal short-axis (apical, mid, and basal segments) and apical 4-chamber views of the LV were recorded at end-expiration (60 to 110 frames/s) and probe frequency (range 1.7 to 2.0 MHz). To standardize short-axis image planes among the individuals, we identified the basal LV segment at the level of the mitral valve leaflet tips and the apical segment at the level just proximal to LV luminal obliteration at the end-systolic period. To obtain reliable LV 2D strain and rotation values, 3 consecutive heartbeats were digitally saved in cineloop format for later offline analysis with commercially available software (EchoPac 6.0.1 for PC, GE Healthcare). This software has been previously validated and allows accurate tracking acoustical markers (speckle patterns) on sequential echocardiographic images with correlation criteria and sum of absolute differences (13, 14) . The width for the region of interest was optimized to include at least 50% of the LV wall from the endocardial side. The software then automatically captured a multitude of local myocardial acoustical markers and tracked their displacement through a cine loop of frames. Longitudinal, radial, and circumferential strains were computed from the resulting 2D displacement fields.
Parameters defining LV mechanics were averaged from 6 segments in short-axis views and from lateral and septal wall segments in apical 4-chamber views. The LV rotations in either the basal or apical shortaxis planes were expressed as average angular displacements of 6 myocardial segments along the central axis. By convention, counterclockwise LV rotation as viewed from the apex is expressed as a positive value and clockwise LV rotation as a negative one. After procurement of the LV rotation at the 2 short-axis levels, net LV twist was calculated as the net difference between LV peak rotation angles obtained from basal (clockwise) and apical (counterclockwise) short-axis planes. The LV torsion was calculated as the net LV twist normalized with respect to ventricular diastolic longitudinal length between the LV apex and the mitral plane (i.e., LV torsion [°/cm] ϭ [apical LV rotation Ϫ basal LV rotation]/LV diastolic longitudinal length). We also measured the peak twist rates during ejection and untwisting rates in early and late diastole.
Assessment of the LV longitudinal strain or rotation was regarded as suboptimal when either: 1) speckle tracking could not be obtained for at least 4 of the 6 myocardial segments in apical 4-chamber or short-axis views; or 2) a theoretically unaccept- Descriptive data were summarized as frequency percentages for categorical variables or mean Ϯ SD for continuous variables. Characteristics of the CP, RCM, and control groups were compared with the Kruskal-Wallis test, and paired comparisons were performed with the Student t test with adjustment for multiple comparisons through Bonferroni correction. The interrelationships between the 2D strain, twist, and Doppler hemodynamic variables were assessed with Spearman's correlation. The overall performances of various echocardiographic variables for discriminating CP from RCM were quantified with receiver-operating characteristic analysis and were compared with the method of DeLong. Changes in the LV mechanics after pericardiectomy were assessed with a paired t test. Statistical significance was defined as a 2-tailed p Ͻ 0.05.
R E S U L T S
Baseline clinical and echocardiographic characteristics of the control group and patients with CP and RCM are displayed in Table 1 . The LV internal dimensions, ejection fraction, left atrial volumes, and early/late diastolic transmitral flow velocity ratios were similar in both groups. Patients with RCM had significantly higher LV wall thickness (p Ͻ 0.001), longer deceleration time (p ϭ 0.01), higher peak atrial filling velocity (p ϭ 0.01), and a lower ratio of early diastolic mitral flow velocity to medial annular lengthening velocity (p Ͻ 0.001).
Longitudinal mechanics of LV. Longitudinal displacement of the LV base in systole was reduced in CP and RCM when compared with control subjects (Table 2) . However, longitudinal early diastolic mitral annular velocity obtained by pulsed wave tissue Doppler (Table 1) and early diastolic lengthening velocities obtained from LV basal segments (Table 2) were significantly higher in CP when compared with RCM (p Ͻ 0.05 and p Ͻ 0.001, respectively). Longitudinal shortening strain recorded from the LV basal segment 
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was significantly higher for control subjects and CP in comparison with RCM (p Ͻ 0.001). In contrast, the longitudinal shortening strains from the LV apex were reduced equally in CP and RCM when compared with control subjects (p Ͻ 0.001). Longitudinal early diastolic velocities obtained from the LV base were significantly lower in patients with CP with secondary causes such as surgery, mediastinal radiation, and pericarditis in comparison with CP of idiopathic origin (9.2 cm/s vs. 6.8 cm/s, p ϭ 0.002). There was no difference between the idiopathic and secondary CP subgroups, however, for the magnitude of longitudinal strain. After pericardiectomy, there was a significant decrease in longitudinal early diastolic LV basal myocardial velocities (7.4 cm/s vs. 6.8 cm/s; p ϭ 0.02), although this reduction was more frequently observed in patients with idiopathic CP than those with secondary CP (7 of 7 [100%] vs. 7 of 12 [58%], respectively; p ϭ 0.06). Radial mechanics of LV. Peak radial strain of apical and mid LV segments was similar for all 3 groups, but peak radial strain of the LV base in CP was significantly reduced in comparison with control subjects and RCM (p ϭ 0.003). Peak radial displacement correlated with peak circumferential shortening strains (Fig. 1) in CP, RCM, and control groups, and the association did not vary according to group status (p ϭ 0.51). After pericardiectomy, radial strain was reduced significantly in the LV mid and basal regions (26 Ϯ 11% vs. 15 Ϯ 6%, p ϭ 0.001, and 30 Ϯ 10% vs. 20 Ϯ 14%, p ϭ 0.03, respectively). Circumferential LV mechanics and LV rotation. Peak circumferential shortening strains were significantly reduced in CP compared with both control subjects and RCM for all LV segments (p Յ 0.001) ( Table 2) . Peak LV rotation and rates of rotation during ejection, early diastole, and late diastole were similar in the 3 groups for the basal and mid segments (Table 3) . However, in the LV apex, rotation and rates of rotation during ejection, early diastole, and late diastole were significantly reduced in CP compared with control subjects and RCM (p Ͻ 0.001 for both). Net LV twist, derived as the difference of apical and basal rotations, and indexed LV torsion (torsion normalized to LV length) were significantly lower in CP compared with RCM and control subjects (p Ͻ 0.001 for both). On combining the data from the 3 groups, peak global circumferential shortening strains correlated with the magnitude of net LV twist (Fig. 2) . No differences were seen in circumferential deformation, LV rotation, net LV twist, and indexed LV torsion for idiopathic and secondary CP.
After pericardiectomy, circumferential strain, peak rotation, torsion, and rates of rotation or recoil at the LV apex, mid, and base remained unchanged (Table 4) . 
Figure 1. Relationship Between Left Ventricular Circumferential Strain and Radial Displacement
We used 2-dimensional speckle tracking echocardiography for determining circumferential strain (x-axis) and radial displacement (y-axis) in patients with constrictive pericarditis (CP), patients with restrictive cardiomyopathy (RCM), and control subjects (CON). Each plotted value represents peak endsystolic circumferential strain and radial displacement values averaged from apex, mid, and basal segments for 3 consecutive heartbeats. On combining the data from the 3 groups, peak radial displacement showed good correlation with peak circumferential shortening strains. Table 2 .
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Longitudinal versus circumferential LV mechanics: diagnostic value. The distributions of various characteristics of LV mechanics among CP and RCM groups are displayed in Figure 3 . For differentiating between CP and RCM, the area under the receiveroperating characteristic curve was significantly higher for early diastolic longitudinal velocities as compared with early diastolic untwisting velocities (0.97 vs. 0.76, respectively; p ϭ 0.01) (Fig. 4) . Figures 5 and 6 illustrate the differences in early diastolic LV recoil mechanics in CP and RCM by comparing early diastolic longitudinal velocity with early diastolic untwisting velocities.
D I S C U S S I O N
To the best of our knowledge, this is the first study to provide simultaneous comparisons of the longitudinal, radial, and circumferential mechanics of the LV in CP and RCM. Whereas RCM was characterized by abnormal longitudinal LV mechanics with relative sparing of the LV rotation, patients with CP had relatively preserved longitudinal LV mechanics and a markedly abnormal circumferential deformation, torsion, and untwisting velocity.
Structural and functional anisotropy of transmural layers. Despite the right-and left-handed helical orientations of the subendocardial and subepicardial myofibers, both layers of the LV wall operate synergistically to create a functional continuum. Whereas the subendocardial region is responsible for longitudinal shortening, the subepicardial region causes LV circumferential shortening and torsion (1, (15) (16) (17) . Forces for longitudinal and circumferential deformation of LV arising at different transmural levels, however, act concurrently to shorten the subendocardial surface in 2 directions (1, 15) . Disease processes that predominantly affect the subendocardial fibers alter the longitudinal deformation of the LV wall. On the contrary, dysfunction of the outer subepicardial myofibers affects the circumferential deformation of the LV wall. In a normal human LV, the subendocardium shows higher strains in the circumferential direction, almost twice the magnitude of the longitudinal strain (18) . Both components of LV mechanics can therefore be explored by tracking subendocardial deformation in the 2 orthogonal directions (13, 14, 19) . Disparate transmural mechanics in CP and RCM. We investigated LV mechanics in CP and RCM, 2 conditions in which LV early diastolic recoil is structurally constrained. In CP, the thickened, fused, and frequently calcified shell-like pericardial membranes tether the epimyocardial region. Furthermore, scarring, myocardial atrophy, and changes in collagen content are more pronounced over the Peak end-systolic circumferential strain (x-axis) was averaged from basal, mid, and apical short-axis views for 3 consecutive heartbeats. Rotations in either the basal or apical short-axis planes were expressed as average angular displacements of 6 myocardial segments along the central axis. Net left ventricular (LV) twist (y-axis) was calculated as the net difference between LV peak rotation angles obtained from the basal and apical short-axis planes and averaged over 3 consecutive heartbeats. On combining the data from the 3 groups (CP, RCM, and CON), a good correlation was seen between peak circumferential shortening strains and peak net ventricular twist. Abbreviations as in Figure 1 . Abbreviations as in Table 2 .
epimyocardial region in CP (6) (7) (8) . However, in RCM, infiltrative deposits and fibrosis predominate over the subendocardial region (20, 21) . In these 2 conditions, one would expect to find differentially altered patterns of LV circumferential and longitudinal mechanics. Previous studies compared LV mechanics in CP and RCM with echo-Doppler methods, mostly relying on longitudinal motion data (5, (22) (23) (24) (25) . We employed speckle tracking echocardiography, an angleindependent technique, which shows close correlation with measurements obtained via magnetic resonance imaging (9, 19, 26, 27) , and sonomicrometry (13, 14, 19) . We demonstrated that longitudinal displacement of the LV base was reduced in CP, consistent with previous observations (5), whereas longitudinal velocity and deformation were relatively spared. Interestingly, longitudinal strain values in CP were lower in the LV apical segments. The apex is the thinnest area of the LV where subendocardial and subepicardial myofibers show direct anatomical continuity (1) . Tethering of the subepicardial region in CP might therefore influence longitudinal subendocardial deformation of the LV apex. In contrast, circumferential deformation in CP was markedly reduced for all segments of the LV. This extends the observations of previous investigations in which circumferential shortening of the LV in CP was studied by cineangiographic techniques and reported to be significantly reduced (28 -30) . In comparison with CP, patients with RCM showed relatively normal LV circumferential deformation and rotation and markedly reduced longitudinal velocities and deformation. This concurs with the observations of Henein and Gibson (21) , who reported normal LV epicardial motion in RCM despite markedly reduced endocardial long-axis function. These findings are also consistent with observations in patients with myocardial diseases in whom abnormal long-axis function is accompanied with relatively spared LV torsion (10, 11) .
Radial deformation in CP was markedly attenuated at the LV base. Waters et al. (31) previously demonstrated a 5% end-systolic decrease in the volume enclosed by the pericardial sack in healthy hearts, primarily manifesting as a radial diminution of the pericardial/epicardial contour of the LV. Emilsson et al. (32) further showed that the radial movement of epicardial surface of the LV was greatest at the base and lowest at the mid level. Tethering of the epicardial surface in CP might therefore limit the radial motion of myocardial segments, particularly near the LV base. CP: a heterogenous disease. Constrictive pericarditis in the modern era is a heterogeneous disease (33, 34) . A substantial number of patients with secondary CP (previous cardiac surgery, radiation) have low longitudinal early diastolic velocities and show regional heterogeneity in LV mechanics (24, 25, (35) (36) (37) . To circumvent this limitation, we averaged 2D strain parameters from 6 segments in short-axis views and from lateral and septal wall segments in apical 4-chamber views. Deformation measured by speckle tracking, when averaged from multiple locations, provides a robust measure of global LV diastolic function (38) . On comparing the averaged early diastolic longitudinal and untwisting velocities, the overlap between CP and RCM was substantially reduced. This finding provides a rationale for combining longitudinal early diastolic velocities with untwisting velocities for improved clinical differentiation of CP from RCM and requires confirmation in further studies. Effects of pericardiectomy. Immediately after pericardiectomy, a reduction in early diastolic mitral annular velocity was observed in a majority of patients, although LV rotation and untwisting velocities remained unchanged. This suggests that pericardiectomy might not immediately normalize LV mechanics in patients with CP. Indeed, previous studies have shown that after pericardiectomy, although symptoms of heart failure improve, the majority of patients have persistent signs of constriction on echocardiography (39). Vogel et al. (30) have also found that LV circumferential shortening and velocity remain persistently abnormal after pericardiectomy. Pericardiectomy might not restore a frictionless surface that is required for normal cardiac rotation. Furthermore, because the epicardial dysfunction and fibrosis might be chronic, an immediate post-operative recovery of LV function might not be evident. Studies with a longer duration of follow-up will be required to explore these possibilities. Study limitations. The application of speckle tracking depends on the resolution of 2D image, and this might be suboptimal in CP. Furthermore, for the calculation of LV rotation, the exact location of the basal and apical plane might vary from patient to patient and might induce measurement error. In the present study we attempted to reduce this error by measuring apical twist at a location as close to the LV apex as possible, preferably where the right ventricular cavity was no longer visible in the cross-sectional plane. Cardiac catheterization data were not available for all RCM patients, primarily because catheterization was not clinically indicated. However, the presence of severe left atrial enlargement in this group provided indirect evidence of chronically elevated LV filling pressures (40) . Recruitment of control subjects who were younger than CP patients would be likely to attenuate real differences in LV circumferential deformation between groups, because it has been previously shown that LV torsion increases with age (41, 42) . Accordingly, the decrease in LV torsion in CP should be even more noticeable when compared with agematched control subjects. Further studies are warranted to confirm this assertion.
C O N C L U S I O N S
This study confirms the hypothesis that patients with CP have impaired LV circumferential deformation, torsion, and subsequent recoil in early diastole. Assessment of variations in longitudinal and circumferential LV recoil mechanics by 2D speckle tracking differentiates the 2 distinct patterns of diastolic restoration mechanics seen in CP and RCM. 
